In our previous works, we have proposed a mixed force and motion commands-based space mbut teleup erution system and a compact 6-DOF haptic interface to achieve an eJJective manual teleuperation.
Introduction
The communication time delay is one of the biggest problems [or a space robot to be teleoperated from the ground. In a contact task, a force feedback to the operator is an effective control method. Under the time delay, howeVf�r, the force feedback system is unstable and can not readily display the force to the operator [1] . In order to solve this problem, the model-based teleoperation system has been proposed [2] , [3] . The virtual world model is used in the above system, however, does not match exactly with the real world. As a result, it is difficult to execute the remote site tasks effectively. Some precise model matching ways have also been proposed [4] , [5] . However, it is impossible to completely remove the modeling errors between the virtual world and the real one. ETS-VII [7] have been conducted and many state-of art technologies were developed for the space robot teleoperation.
In our previous works, we have proposed a mixed force and motion commands-based space robot tele operation system with robustness against the model ing errors [8] . Furthermore, we have also develope d a new and compact 6-DOF haptic interface to be used as a master arm [9] . The haptic: interface can display the force to the operator. This force is cal culated on the model. In this paper, we introduce a new control method which improves our model-based teleoperaLion system. This new method is applied to the ETS-VII manipulator teleoperation. Using these elements, surface-tracking and peg-in-hole tasks with modeling errors are performed. The effectiveness of our space teleoperation system is verified by the above tasks carried out in a real space robotic system.
2

Experimental system
System elements
This experimental system consists of the space and the ground systems. An overview of the system is shown in Fig. 1 • Slave system
The robotic arm mounted on ETS-VII shown in peg is installed at the tip of this manipulator. A camera is also attached at the end of this manipu lator. Task bard (TBl is mounted on the ETS-VII deck. �B in Fig. 2 is the arm's coordinate system.
• Graphics computer This graphics computer displays the following: the virtual models of the slave arm (virtual arm) and the TB in the solid graphics, the reference tip po",ition of the slave arm, which sends to the ETS-VII, in the wire frame model, the numcrical data of the tip positions and the tip forces of the virtual arm, the GUI for input of the control commands and parameters.
A real image of this display is shown in Fig. 3 . The reason to use the solid and the wire-frame models is given in detail in section 2.2. The con cepts of the virtual beam and the virtual grip are utilized in this graphics for the opera tor support [10], [11] .
• Master arm A compact 6-DOF haptic interface is used as a master device [9] . A small six-axis force/torque sensor is installed in it to compensate the non backdrivability feature of the high-ratio reduction gears. The master device, the virtual arrn and the slave arm are commanded by this force/torque sensor data. • Telemetry terminal display The numerical data of the posit.ions and t.he forces of the slave arm are displayed at this terminal.
2.2
Control methods
The main feature of our mixed force and motion commands-based space robot teleoperation system is that the tip velocity commands are generated by the operator exerted forces on the master device and the motion information of both the virtual and the slave arms. The system also incorporates an automatic function to change between the contact and the non contact modes. However, we cannot manipulate the velocity control and change the control modes between the contact and the non-contact for the manipulator on ETS-VII. Therefore, the master, and the virtual arms are controlled by the end-t.ip velocity and the slave arm is controlled by the position under compli ance control. Here, the stiffness gains of the slave arm are 20 kg and 40 kgm 2 /rad, the inertia gains are 2795 Ks/rn and 2262 Nms/rad and the viscous gains are 200 N/m and 20 Nm/rad. We control the translation only while the orientation is fixed as it is in the initial state. The maximum velocities at the tip of the mas ter, the virtual arms and the reference position of the slave arm are set 2.0 m/s on the ground. However, the maximum velocity of the manipulator on ETS-VII is set 50.0 m/s at the space system computer. The con trol methods of all these arms are as follows:
Non-contact
• Slave arm where e = Xs -XSQ,
(6)
(8)
Xm, Xva: the tip position of the master and the virtual arms respectively, x" Xsa: the reference tip position and tip position of the slave arm respectively, xm,i;va: the reference tip velocities of the master and the virtual arms respectively, fm: the force/torque sensor data of the master ann, iva: the virtual refraction/reaction force, ireF the position restraint force for the certifica tion of the master arm backdrivabilitv. iaa: the force/torque sensor data of t h� slave arm, kv, k!: the velocity and force gains respectively, kp, kd: the position and damping gains for ire! respectively, k s a , mBa, Csa: the stiffness, inertia and viscous gains of Hie slave arm respectively.
The change of modes between the contact and the non-contact is carried out automatically realizing a contacL in the virtual world.
Second term on the right side of eqn. (8) is added in Lhe Lip position of the virtual arm to realize of the operator's force. Using eqn. (8), the slave arm can realize a force equal t.o the reference force if there are no modeling errors. 'With modeling errors, the slave arm cannot realille t.he exact forces. However, the slave arm can compensate for the modeling errors without generating large forces.
Using above equations, the position of the virtual arm is different form the reference position of the slave arm in a contact task. In order to distinguish between these arm positions, the solid and the wire-frame mod els in the graphics, shown in Fig. 3 , are needed.
Generally, the force which the operator inputs is unstable. It is thought that the movement of the slave arm becomes unstable using the original force of the operator. However, the motion of the slave arm is not affected, since a tip speed limitation of the reference position is 2.0 mm/s.
3 Details of the experiments
The safety, effectively and robustness against mod eling errors for our teleoperation system are evaluated in the experiments. In the experiments, the virtu al model with and without the artificially modeling errors is introduced. The virtual model without the artificially introduced modeling errors dose include a small modeling errors as it is only develop � d by the draft of the ET3-VII and NASDA's experimental da ta. Moreover, all virtual models include the dynamic modeling errors. The contents of the experiments are given below.
1. Surface-tracking task Surface-tracking task is carried out using the peg and the tracking-surface board, shown in Fig. 2 . At fi rst, an operator presses the peg up to 20 N along the z-direction keeps on the tracking surface board. The operator checks this force at the telemetry monitor and tracks the surface maintaining this force. The details of the surface tracking task are described as follows:
• Experiment 1-1 The operator performs this task with the virtual model without the artificially intra rluced modeling errors. This model is named "virtual model-I."
• Experiment 1-2 The operator performs this task with the virtual model with the artificially introduced modeling errors of +10 mm in both the x and the z-directions. This model is named "virtual model-2." In the experiment 1-2, the operator already knows about the scale of the modeling errors before ex ecuting the task.
Peg-in-hole task
Peg-in-hole task is also carried out using this set up, shown in Fig. 2 . The peg and the hole di ameters are 18.0 IIlIll and 18.4 IIlm respectively. The details of the peg-in-hole Lask are described as follows:
• Experiment 2-1 The operator performs this task with the vir tual model-I, same as in the experiment I-I.
• Experiment 2-2 The operator performs this task with the vir tual model having the artificially introduced modeling errors of +5 mm to the x-direction and + 10 mm to the z-direction respectively. This model is named "virtual model-3." In the experiment 2-2, the operator knows about the introduction of the modeling errors, but dose not know about the scale of these errors before executing the experiment.
In the experiment 1-1 and 2-1, these tasks is per formed smoothly. Therefore, the details of these tasks are left out.
Surface tracking
The results of the experiment 1-2 are shown in Fig. 4 and Fig. 5 . We can confirm the effects of the introduced modeling errors from the peg trajectory in Fig. 4 . When the operator preSE:es the peg up to 20 N along the z-direction, the difference between the ret� erence position and the virtual arm is 100 mm in the z-direction. The force deviancE due to the modeling errors, which is + 10 mm in the z-direction, are 2 N.
In The operator maintains a large force during this task 410 because the velocity limit of the master arm is very small. Next we would describe about the slave arm using Fig. 6 . In moving up the surface, the right side of the slave arm's peg is in contact with the surface.
In moving down the surface: the left side is in contac t. Therefore, the sign of the slave arm's force in the x-direction is changed while moving from the upward to downward motion along the surface.
In Fig. 5 , the master arm always exerts to -20 N in the z-direction. The slave arms achieves to -20 N in the z-direction while moving up the surface. However, this force decreases in moving down the surface. This is why the slave arm goes on moving down the surface.
From these results, it can be said that this task could be performed successfully without generation of big forces that could disturb the execution in both the experiment 1-1 and 1-2.
Peg-in-hole
The results of the experiment 2-2 are shown m Fig. 7 and Fig. 8 . We can confirm the presence of the modeling ermrs iu Fig. 7 .
In this experiment 2-2, the operator knows about the pre:oeuce of the modeling errors in the virtual mod el but dose not know how about the scale and charac ter. Therefore, the operator has to teleoperate care fully.
1. 0 rv 15 s: The peg i::; moved right above the hole in the virtnal world.
2. 15 rv 25 s: The peg of the virtual arm is inserted a bit into the virtual TB. But as the force of the slave arm is generated in the z-direction, the operator can notice that the slave arm could not insert the peg in the hole.
3. 25 rv 45 s: The operator starts to search for the hole in the real world. f rn/ ks which is the second term on the right side of eqn. (8) is utilized for this purpose. When the virtual peg inserted a bit into the hole of the virtual TB, the operator inputs the x and the y forces and controls the wire-frame model, shown in Fig. 3 , for the hole search. In this while, the virtual and the master arms hardly move. During the search, the z-direction force of the slave arm is quite high. If the slave arm can reach the hole and insert peg in it, this force will go to zero. Therefore, the operator keeps on searching noticing only the z-direction force. This situation is shown in Fig. 8 .
45 s:
The operator discovers the spot where the z-direction force becmnes �ero and decides that this might be the position of the hole.
5. 45 rv 65 s: The operator inserts the virtual peg into the virtual hole. At the same time, the wire-�: 6. 65 � 85 s: In order to confirm the complete peg insertion, the operator presses the peg to over 5 N. 7. 85 <"V 125 s: The peg is pulled out. 8. 125 <"V s: The peg is moved to the finish point in the free space.
The peg-in-hole task could be performed very eat;ily in the experiment 2-1, Although the operation became quite complicated in the experiment 2-2, the operator could carry out the task successfully without generat ing large disturbance forces. 
Conclusions
In our previous work, we have proposed a mixed force and motion commands based space robot tcle operation system. The features of this system are ro bustness against modeling errors and ability to realize the operator exerted force at the remote site. All arms in our system are controlled by the velocity command and incorporated an automatic function to change be tween lhe contact and the non-contact modes. How ever, we cannot manipulate the velocity control and change the control modes between the contact and the non-contact for the 1:;TS-Vll manipulator. Therefore, we introduced a new control method which was im proved our model-based teleoperation system, And this method was applied to the ETS-VII manipulator teleoperation, A compact haptic interface was used as a master device in these experiments, We performed surface-tracking and peg-in-hole tasks with and without the artificially introduced modeling errors for a real manipulator in the orbit, The surface-tracking task was carried out safely with and without the modeling errors, The peg-in-hole task could also be carried out sur:r:essflllly though Llle oper ation with the artificially introduced modeling errors became very complicated.
From these results, we could confirm that our tele operation system can be applied easily to Lhe real s pace robotics, and our systern dose have SOHle level of the robustness against the modeling errors.
